The viscous properties, or loading-rate eŠects on the stress-strain behaviour, of unbound and bound soils, in particular unbound granular materials, are summarised. The viscous properties were evaluated by stepwise changing the strain rate, ·e, and performing sustained loading during otherwise monotonic loading (ML) at a constant ·e and also by performing ML tests at diŠerent constant values of ·e. Four basic viscosity types, Isotach, Combined, TESRA (or Viscous Evanescent) and Positive & Negative (P & N), which were recently found are described. The Isotach type is the most classical one and, in the case of ML, the current viscous stress component is a function of instantaneous irreversible strain, e ir and its rate, ·e ir . So, the strength during ML at a constant ·e increases with ·e. With the other three types, the viscous stress increment that has developed at a given moment, denoted as Ds v , decays with e ir towards diŠerent residual values during subsequent ML. With the TESRA type, Ds v decays eventually totally and the strength during ML at constant ·e is essentially independent of ·e. With the Combined type, Ds v decays with e ir like the TESRA type, but it does not decay totally. So, the strength during ML at constant ·e increases with ·e like the Isotach type. With the P & N type, found latest, a positive value of Ds v decays towards a negative value. So, the strength during ML at constant ·e decreases with an increase in ·e. The viscosity type tends to change with e ir : e.g., from Isotach toward TESRA and from TESRA toward P & N. A general mathematical expression that can describe these four viscosity types and transitions among them is proposed. Numerical simulations of typical drained triaxial compression tests of geomaterials based on a non-linear three-component model incorporating the general expression of the viscous stress are presented. The viscosity type is controlled by at least, grading characteristics and particle shape.
INTRODUCTION
The time eŠects on the stress-strain behaviour of geomaterial consist of the following two components: a) Ageing eŠects; deˆned as time-dependent changes in the stress-strain properties, including peak strength, elasticity, yielding properties, viscosity and so on, which can be described as a function of the time (tc) that has elapsed since a speciˆcally deˆned origin (not the general time). b) Loading rate eŠects; deˆned as the rate-dependency of stress-strain behaviour due to the viscous properties, noted by creep deformation, stress-relaxation, strain rate eŠects on monotonic loading stress-strain behaviour and so on. The loading rate eŠects deˆned above do not include those due to delayed dissipation of excess pore water. The viscous properties are usually described as a function of instantaneous irreversible (or in-elastic or visco-plastic) strain rate ( ·e ir ) and other relevant parameters. Any constitutive model describing the loading rate eŠects as a function of time is not objective (Tatsuoka et al., 2000 ; Di Benedetto et al., 2005; Tatsuoka, 2004 Tatsuoka, , 2007 . The importance of correctly understanding and accurately evaluating the viscous properties of geomaterial in geotechnical engineering practice has been demonstrated by a number of full-scaleˆeld cases, including the secondary consolidation of saturated soft clay, long-term creep deformation of sand deposit loaded with a heavy superstructure etc (e.g., Tatsuoka In this paper, the viscous properties of geomaterial (i.e., unbound and bound soils), in particular unbound granular materials, obtained by laboratory stress-strain tests are summarised. The loading rate eŠects due to . Schematic stress-strain curves for four basic viscosity types of geomaterial in shear, for which the same stress-strain curve when ·e is equal to ·e0 as well as the same positive stress jump for a step increase in ·e by a factor of ten are assumed (Tatsuoka, 2007) delayed dissipation of excess pore water are out of the scope of the present study. Firstly, four basic viscosity types are described. Secondly, it is shown that the viscosity type tends to change with strain in a single test. Thirdly, the viscosity type parameter is introduced to describe these four viscosity types. Fourthly, a general mathematical expression that can describe all these four basic viscosity types and transitions among them incorporating the viscosity type parameter is proposed. The eŠects of particle shape and grading characteristics on the viscosity type are also discussed. Finally, several typical drained triaxial compression (TC) tests of clays, a cement-mixed gravelly soil and unbound granular materials are simulated by a non-linear three-component model ( Fig. 1) incorporating the general expression of viscous properties. The ageing eŠect is reported in the companion paper (i.e., Tatsuoka et al., 2008) .
VARIOUS VISCOSITY TYPES
To properly deˆne and classify the various viscosity types of geomaterial, the non-linear three-component model ( Fig. 1) is employed, as diŠerent trends of ratedependent stress-strain behaviour of geomaterial observed in a number of laboratory stress-strain tests have been successfully simulated by this model (e.g., Di Tatsuoka et al., 2002) . According to this model, the stress (i.e., the measured eŠective stress), s, is obtained by adding the viscous stress, s v , to the inviscid (or rate-independent) stress, s f , at the same e ir value, while the strain rate, ·e, is obtained by adding the irreversible (or inelastic or visco-plastic) strain rate, ·e ir , to the elastic strain rate, ·e e . Figure 2 illustrates four basic viscosity types, which are deˆned below:
Isotach viscosity: This is the most classical type (Suklje, 1969). Under loading condition (i.e., when ·e ir is always positive), the current s v value is a unique function of instantaneous values of e ir and ·e ir irrespective of precedent strain history and the sign of instantaneous ·s. As illustrated in Fig. 2 , when ·e is increased stepwise during otherwise monotonic loading (ML) at a constant ·e, s v exhibits a sudden increase and so does s. This increase in s v is persistent and the s-e ir curve soon rejoins the one that is obtained by continuous ML at the increased constant ·e. Therefore, a unique s-e ir relation is obtained by continuous ML at a given constant ·e. This s-e ir relation is located consistently above the s f -e ir curve (called the reference stress-strain relation), which is the s-e ir relation obtained by imaginary ML at ·e＝0. So, the strength during ML at a constant ·e increases with an increase in ·e. Experimental results showed that the s value during continuous ML at a constant ·e is always proportional to the s f value at the same e ir . This viscosity type is observed with relatively coherent geomaterials, typically in the pre-peak regime in drained TC tests: e.g., a) bound geomaterials, sedimentary soft rocks ) and cement-mixed well-graded gravelly soils compacted at the optimum water content (Fig. 3) In the case of the other three types (i.e., Combined, TESRA and P & N), the viscous stress increment that developed at a given moment decays with an increase in e ir towards diŠerent residual values during subsequent loading. Therefore, unlike the Isotach viscosity, the current s v value becomes a function of not only instantaneous values of e ir and ·e ir but also recent strain history. Combined viscosity: The name``Isotach-and-TESRACombined '' (or simply`Combined') comes from the features combining those of the Isotach and TESRA types. As illustrated in Fig. 2 , the viscous stress increment that developed at a given moment, Ds v , decays with an increase in e ir when loading continues, like the TESRA type. However, a positive Ds v decays toward a smaller positive residual value. So, the strength during ML at a constant ·e increases with an increase in ·e, like the Isotach type. This viscosity type was observed when approaching the peak strength in undrained TC tests on Fujinomori clay . 
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VARIOUS VISCOSITY TYPES OF GEOMATERIALS
TESRA viscosity: The name TESRA stands for``temporary or transient eŠects of strain rate and strain acceleration'', which means that, even under loading conditions, the eŠects of ·e ir and its rate (i.e., irreversible strain acceleration), äe ir , on the s v value are temporary or transient. This viscosity type is also called``Viscous Evanescent'' (Di Benedetto et al., , 2005 . Ds v decays eventually totally with an increase in e ir during subsequent loading. So, the strength during ML at a constant ·e is essentially independent of ·e. Therefore, the s-e ir curve during continuous ML at a certain constant ·e is essentially the same as the s f -e ir curve. ). In one test, ML was continued at a constant strain rate. In the other test, the strain rate was stepwise changed many times during otherwise ML at a constant ·e (see also Fig. 6(b) : the simulation is explained later). An obvious trend of TESRA viscosity, as illustrated in Fig. 2 , may be seen in Figs. 6 and 7. In Fig. 7 , in particular, the stress-strain curves and therefore the strengths are essentially the same in ML drained TC tests at diŠerent but constant values of ·e. Note that the void ratios of the specimens are nearly the same. This trend has been observed in drained PSC tests on Hostun sand (Matsushita et al., 1999; Tatsuoka et al., 2001) . Also with granular materials exhibiting the TESRA viscosity, creep is the process in which the strain increases with the strain rate decreasing with time at a constant stress (s) (Fig. 8) . The TESRA viscosity has been observed with poorly graded relatively angular and stiŠ-particle sands, including Toyoura, Hostun (Enomoto et al., 2007a, b; Tatsuoka, 2007) and is most peculiar among those described in this paper. That is, in a series of drained TC tests on diŠerent types of poorly graded granular materials comprising of relatively round and stiŠ particles, as described in the next section, the strength during ML at a constant ·e decreases with an increase in ·e as illustrated in Fig. 9 (a). In the framework of the three-component model ( Fig. 1 Fig. 9 (a)). If s v were composed of the negative Isotach-type component only, in Fig. 9(a) , the stress-strain behaviour upon a step increase in ·e at point B during otherwise ML at a constant ·e should become like AªBªD. However, as shown in the next section, poorly graded relatively round and stiŠ-particle granular materials exhibit the behaviour like AªBªCªD, instead of AªBªD. This immediate positive stress increase upon a step increase in ·e (BªC) is the same as the one observed when the viscosity type is Isotach or Combined or TESRA. During the subsequent ML at a constant ·e, s v decreases from a temporarily increased value (CªD), like the TESRA type. However, the decay rate is generally higher, while the stress, s, decays toward a value lower than the one when ML had continued at the same ·e without an increase in ·e, unlike the TESRA type. This trend indicates that s v consists of two components having opposite signs; i.e., the negative Isotach type component; and the positive TESRA type component. Because of this feature, this viscosity type was named the Positive and Negative viscosity. Note that, during ML at a constant strain rate, the positive TESRA type component of viscosity cannot be observed but only the negative component is visible, as illustrated in Fig. 9(a) . It seems that geomaterials having the viscosity consisting of only the negative Isotach type component do not exist. If such geomaterials as described above existed, in Fig. 9(b) , the stress-strain behaviour during sustained loading from point b should become like bªc (i.e., negative creep). However, as shown in the next section, the actual behaviour is like bªd (i.e., positive creep) in the same way as the other viscosity types. Figure 10 shows the grading curves and some physical properties together with particle pictures of these materials as well as other granular materials referred to in this paper. With corundum A, Albany sand and Hime Fig. 11 . Results from CD TC tests at diŠerent strain rates on air-dried dense corundum A: a) whole strain range, b) R at g ir ＝7%-void ratio relations and c) eŠects of strain rate on shear strength gravel, loose and dense cylindrical specimens (d＝70 mm and h＝150¿155 mm) were prepared by the air-pluviation method. Only dense specimens were prepared with Monterey No. 0 sand. To exclude any eŠects of delayed dissipation of excess pore water pressure on observed loading rate eŠects, most of the drained TC tests were performed on air-dried specimens except for some tests on saturated specimens.
An automated triaxial apparatus was used (e.g., Santucci de Magistris et al., 1999). The top and bottom ends of each specimen were well-lubricated by using a 0.3 mmthick latex rubber disc smeared with a 0.05 mm-thick silicone grease layer (Tatsuoka et al., 1984) . The axial deformation was measured by using an external deformation transducer and a pair of local deformation transducers (LDTs; Goto et al., 1991) with a gauge length of about 12 cm. It was not possible to evaluate in-homogeneity in the local strains before and after the peak stress state. The reasons for the above are as follows. Tatsuoka et al. (1990) showed that, in drained plane strain compression (PSC) tests on dense sand, local shear bands start developing before the peak stress state. However, they may not be visible on the s? 3 faces of the specimen. Moreover, unlike the PSC tests, a large number of shear bands develop in a solid cylindrical specimen under the TC stress conditions and their local deformations are extremely di‹cult to evaluate. Duttine et al. (2008) evaluated the viscous properties of a shear band by means of direct shear tests. Externally measured global axial strains are reported in this paper and the viscosity properties were evaluated based on them unless otherwise noted. As shown in APPENDIX A, despite that the eŠects of bedding error on the externally measured axial strains cannot be ignored, their eŠects on the parameters describing the viscous properties presented in this paper are negligible. The elastic deformation properties were obtained based on locally measured axial strains. The volume change of a saturated specimen was evaluated by measuring the water height in a burette connected to a specimen by using a low-capacity diŠerential pressure transducer. The volume change of each air-dried specimen was estimated based on the modiˆed Rowe's stress-dilatancy relation described in APPENDIX B.
The specimens were loaded in an automated way using a high precision gear-type axial loading system driven by a servo-motor together with an electrical pneumatic pressure transducer (E/P) for the automated cell pressure control. Isotropic compression was performed by increasing the mean principal eŠective stress, p?＝(s? v ＋ 2s? h)/3, at an axial strain rate of 0.00625z/min from 20 kPa toward 400 kPa. At p?＝50, 100, 200 and 300 kPa during the isotropic compression process, eight cycles of an axial strain (double amplitude) of 0.001¿0.003z were applied to evaluate the vertical quasi-elastic Young's modulus, E e v . The results were analysed by a hypo-elastic model and used to evaluate elastic axial strains from measured total axial strains (APPENDIX C).
Figures 11(a), 12(a) and 13(a) show results from three sets of drained TC tests performed at largely diŠerent constant axial strain rates, ·ev, on dense air-dried specimens of corundum A, Albany sand and Hime gravel. With all these materials, the strength decreases with an increase in ·ev. This peculiar trend is stronger with corundum A and Albany sand than with Hime gravel. This trend is not due to a variance of void ratio among the specimens in the respective cases. To ensure the above, the values of R＝s? v /s? h when g 
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). The R7z value is very close to the respective peak strengths. With the dense specimens, the negative eŠects of ·ev on the strength are obvious, whereas this trend is weaker with the loose specimens, somehow masked by data scatter. Figs. 11(c) and 12(c) show the decreasing rate of R7z with a log-cycle increase in ·ev for the dense specimens of corundum A and Albany sand. Consistent negative eŠects of ·ev on the strength may be seen. The rate eŠects seen at large strains, say, at shear strains larger than 20z in Figs. 11(a), 12(a) and 13(a) are not very consistent. It seems that this trend is due to eŠects of shear banding on the stress-strain behaviour that are usually not systematic. Therefore, it is not relevant to evaluate the rate eŠects from these large-strain date.
As stated earlier in relation to Fig. 9 , the viscous properties of these granular materials exhibiting the trend of behaviour described in Figs. 11-13 consist of not only the negative component but also the positive TESRA component, the latter becoming visible upon changes in the strain rate as shown below.
The test results from drained TC tests on corundum A, Albany sand, Hime gravel and Monterey No. 0 sand in which ·ev was stepwise changed many times and drained sustained loading for two hours was performed two times during otherwise ML at a constant ·ev are presented in Figs. 14 through 17. Only with Monterey No. 0 sand, the strain parameter used in the plot is the irreversible axial strain. The trend of rate-dependency of stress-strain behaviour is essentially the same when the stress is plotted against the irreversible axial and shear strains (Di Tatsuoka et al., 2002) . The measured volumetric strain is presented only with the saturated specimen of corundum A ( Fig. 14(a-2) ). As sustained loading (SL) at a nominallyˆxed deviator stress was achieved by periodical on/oŠ switching of a gear system, it was inevitable that cyclic axial loading with very small strain amplitude resulting from stress relaxation and subsequent reloading was continuously applied during the respective SL stages. In so doing, the deviator stress was controlled always not to exceed a speciˆed small tolerance. Moreover, as the cyclic strain amplitude was very small and within the limit of nearly elastic behaviour, the eŠects of these fast small unload/reload cycles on creep strain during SL were negligible, if any (Di . Tatsuoka (2007) conrmed this point by performing both SL and cyclic loading tests under drained TC stress conditions on several types of sand by rigorously controlling the deviator stress history (i.e., constant or cyclic) using a stress-controlled loading device.
The following trends of P & N viscosity, as illustrated in Figs. 2 and 9, may be seen from Figs. 14 through 17: 1) The stress ratio, R, suddenly increases upon a step increase in ·ev and vice versa. This trend can be attributed to the positive TESRA viscosity component. As illustrated in Fig. 9 (a), this positive component is not visible during ML at constant strain rates, because this component decays rather fast with strain. 2) Then, the increased R value starts decreasing at a high rate toward a value lower than the value if ML had continued without a change in ·e v and vice versa. 3) Noticeable positive creep deformation takes place during SL, as process bªd illustrated in Fig. 9 (b). Such P & N viscosity as seen from Figs. 14-17 has also been observed in drained TC tests on other types of poorly graded round sands (e.g., Ottawa and SLB sands).
Discussions: Duttine et al. (2008) reported that the P & N viscosity was observed in the pre-peak regime in drained direct shear tests on poorly graded relatively round and stiŠ-particle sands, including Albany and Monterey No. 0 sands. The P & N viscosity was also observed with other types of air-dried poorly graded round and stiŠ-particle granular materials by other researchers: i.e., Ottawa sand in direct shear by Mair and Marone (1999) ; and dense quartz sand in simple shear by Chambon et al. (2002) . However, comparisons of viscosity type between bound and unbound geomaterials, between well and poorly graded granular materials, between round and angular granular materials and between the pre-and post-peak regimes, as reported in this paper, cannot be found in the literature.
Viscosity type parameter: To quantify the rate-depen- 
where DR is the jump in R that takes place upon a step change in ·g ir from ·g ir before to ·g ir after when the eŠective principal stress ratio is equal to R (Fig. 18) . In thiŝ gure, DR by a step change in the strain rate by a factor of ten is denoted as R･b. In the present study, the values of b were obtained by using ( ·ev)after/( ·ev)before, instead of ·g ir after / ·g ir before , in Eq. (1), as it is known that essentially the same b value is obtained (APPENDIX A).
The diŠerent viscosity types exhibit diŠerent residual stresses when continuing ML at a constant rate following a step change in strain (Fig. 18) . Enomoto et al. (2007a) expressed the above by the residual rate-sensitivity coe‹cient, bresidual, deˆned as Eq. (2) 
where DRr is the residual value of DR that has taken place upon a step change in ·g ir from ·g ir before to ·g ir after after full decay during subsequent ML at a constant strain rate;
and Rr is the R value where DRr is deˆned along the stress-strain curve obtained by continuous ML at the constant strain rate before a step change. In Fig. 18 , the deviation of the R value at the residual state from Rr is denoted as R r ･b residual . As the b value can be diŠerent among diŠerent geomaterial types that exhibit the same viscosity type and may decrease with an increase in the strain in a single test (as shown below), it is relevant to deˆne the current viscosity type by the ratio of the instantaneous b residual value to the corresponding value of b deˆned at the same value of g ir :
u is herein called the viscosity type parameter. Theoretically, the bresidual values can also be evaluated by performing ML loading tests at diŠerent constant strain rates as summarised in Figs. 11(c) and 12(c): i.e., bresidual is equal to the slope of the linear relation in the respectiveˆgures. However, the values evaluated as above may not be accurate due to an inevitable scatter of data among diŠerent tests. Moreover, the bresidual value tends to decrease with strain in a single test, particularly in the case of P & N viscosity (as shown below). For these reasons, the viscosity type parameter, u, was determined as a function of g ir so that the viscosity type transition observed in the respective tests, as shown in Figs. 14-17, can Hime gravel and its numerical simulation: a) whole strain range, b) pre-peak and c) around the peak stress be properly simulated (explained later). Figure 19 , illustrates the transition of viscosity type with strain by changes in the u value: i.e., 1) for the Isotach viscosity, u＝1.0; 2) for the Combined type, u is a constant between 0.0 and 1.0; 3) for the TESRA viscosity, u＝0.0; and 4) for the P & N type, u is a constant less than 0.0. The drained TC test results shown above and other data available to the authors support the trend illustrated in Fig. 19 . This trend is obvious also in Fig. 3 .
TRANSITION OF VISCOSITY TYPE WITH STRAIN
In these tests, the viscosity type in the pre-peak regime is obviously the Isotach type (Fig. 3(b) ): for example, in test SR002, after a step decrease in the stress upon a sudden decrease in ·ev from 5x to x/25 at point a, the stressstrain curve b-c tends to join the one obtained by continuous ML at ·ev＝x/25 (denoted by a smooth dotted curve). The stress-strain curves inferred for continuous ML at other diŠerent constant ·e v values and diŠerent ageing periods are also depicted in Fig. 3(b) . The viscosity type becomes the TESRA type in the post-peak strain-softening regime (Fig. 3(a) ): for example, in test SR002, after a sudden decrease in the stress upon a step decrease in ·ev from x to x/5 at point A, the stress-stress curve B-C tends to rejoin the one that would be obtained by continuous ML without a change in ·ev. This viscosity type transition may be due to damage to bonding at inter-particle contact points by irreversible straining. A similar transition of viscosity type was observed on compacted moist well- A more obvious trend for a wide range of strain was observed in drained direct shear tests on diŠerent types of poorly graded granular materials having angular and round stiŠ particles . That is, relatively angular sands, including Toyoura and Hostun sands, exhibit the TESRA type in the pre-peak regime, which changes to the P & N type in the post-peak strainsoftening regime and the P & N type behaviour becomes stronger at the residual state. On the other hand, relatively round sands, including Albany and Monterey No. 0 sands, exhibit the P & N viscosity already in the pre-peak regime. In the post-peak regime, they exhibit the P & N viscosity and also unstable behaviour (Fig. 19) .
In summary, it is relevant to deˆne u (Eq. (3)) to decrease with strain from a certain positive value equal to, or less than, 1.0, or a negative value, towards a smaller value. Kongkitkul et al. (2008) analysed the eŠects of u value on the creep deformation characteristics based on results from a series of drained TC and direct shear tests on diŠerent types of granular materials.
EFFECTS OF GEOMATERIAL TYPE
The test results available to the authors, including those presented above, indicate that both viscosity type and transition mode of viscosity type with strain are aŠected by, at least, inter-particle bonding, grading characteristics, particle shape and particle crushability, as summarised in Table 1 . Obvious eŠects of uniformity coe‹cient, Uc, on the viscosity type have been observed 18 . Deˆnitions of b and bresidual (illustrated when ·g ir changes by a factor of ten): with the four viscosity types, the same stress-strain curve when ·g ir is equal to ·e0 as well as the same positive stress jump for a step increase in ·g ir by a factor of ten are assumed with relatively angular granular materials: i.e., in the prepeak regime, poorly graded angular sands (e.g., Toyoura and Hostun sands) exhibit the TESRA viscosity, while well-graded angular gravelly soils exhibit the Isotach viscosity. On the other hand, in drained TC tests, a relatively well-graded round material (named MACH), which is a mixture of Albany sand, corundum A and Hime gravel, having a larger Uc, equal to 6.3, exhibits the TESRA viscosity at small strains in the pre-peak regime, which changes toward the P & N type as approaching the peak stress state. However, the trend of P & N viscosity is weaker than the original poorly graded granular materials. It seems that, as the respective particles become easier to move relative to their neighboring particles, the viscosity type tends to change from Isotach towards Combined, TESRA, P & N andˆnally P & N with instability. It is extremely di‹cult to understand the underlying mechanisms that control such complicated viscous properties of geomaterials as described above. The authors just consider that there are the following two basic mechanisms that have opposite rate eŠects on the global stress-strain behaviour of a geomaterial mass: Mechanism a: It seems that the viscous property at inter- particle contact points is basically the Isotach type in that the shear load-shear displacement behaviour at inter-particle contact points becomes stiŠer and stronger with an increase in the shear displacement rate at the inter-particle contact points. If this mechanism becomes dominant over those of mechanism b (described below), the global strength of a geomaterial mass increases with an increase in the global strain rate. Mechanism b: With a decrease in the global strain rate, the compressive creep deformation in the direction normal to the inter-particle contact plane becomes more signiˆcant, which results in an increase in the inter-particle contact area. This may result in a higher stability at inter-particle contact points. If eŠects of this mechanism become dominant over those of mechanism a (described above), the global strength increases with a decrease in the global strain rate. Due to mechanism a, any geomaterial mass exhibits a sudden increase in the global stress upon a step increase in the global strain rate (i.e., the features of positive viscosity). On the other hand, the eŠects of mechanism b on the global strength depend on the geomaterial type. The interlocking among particles becomes stronger as the particle becomes more angular and with an increase in Uc. As the interlocking and/or the inter-particle bonding becomes stronger, the global strength should become less sensitive to a slight change in the stability at inter-particle contact points by mechanism b. Moreover, the fabrics change with an increase in the global irreversible strain becomes less signiˆcant. Then, the global stress jump upon a step change in the global strain rate should become more persistent, resulting in a stronger trend of Isotach viscosity. On the other hand, with uniform relatively round unbound materials, the stability of inter-particle contact points against sliding and rotation is relatively low. Therefore, the global stress jump upon a step change in the global strain rate should become less persistent against an increase in the global strain, resulting in a large decay with an increase in the global strain. In addition, the eŠects of the stability of inter-particle contact points on the global stability of the fabrics become more important. Then, as the global strain is continuously increasing during ML, the eŠects of mechanism b on the global strength become more important than those of mechanism a. Therefore, the global strength increases with a decrease in the global strain rate (i.e., the features of negative viscosity). It seems that the TESRA type viscosity results from balancing of the two mechanisms a and b.
MATHEMATICAL EXPRESSION OF VISCOSITY
As explained above and as illustrated in Fig. 9(a) , the two components of the viscous stress, s v , of the P & N viscosity are: a TESRA component, of which the increment upon a step increase in ·e ir is positive; and a negative Isotach component, which is always negative and so is its increment that develops upon a step increase in ·e ir . As shown below, the P & N viscosity as well as the others can be expressed by a single equation.
Combined 
Eqs. (10) and (11) show that the solution of [s v ](e ir ) (Eqs. (8) and (9)) at a given step (i＋1) can be obtained from the solution at one step before (i) without repeating the integration at every step from the start (i.e., without referring to the whole previous loading history). This is the signiˆcant advantage when using Eq. (9) (i.e., Eq. (8) (10) and (11) in the case of u(e ir ) ＝0 (i.e., the TESRA viscosity), while introducing a yield function for s f (e ir ) in FEM analysis of boundary-value problems (i.e., drained PSC tests on sand allowing shear banding, bearing capacity tests with a strip footing in sand; and the stability of earthˆll dam). The speciˆc form of the viscous stress used in these FEM analyses is explained in the next section (related to Fig. 20) . Mathe- matically, there is no restriction to the value of u(e ir ) in the use of Eqs. (10) and (11) 
SIMULATION OF DRAINED TC TESTS
Stress Parameter Used in the Simulations
The current stress state sij(s? 1, s? (13) and (14) can also be applied to drained triaxial extension tests at aˆxed conˆn-ing pressure, s? h ＝s? 1. The incremental form of Eq. (13) is:
which is represented by the vector ª BA in Fig. 20 . This speciˆc formulation of the viscous stress has the same form as the Mohr-Coulomb failure criterion without cohesion in that the stress parameter is the stress ratio. For this reason, it is possible to apply Eqs. (13)- (15) 
Simulations of Various Viscosity Types
Isotach viscosity: In Figs. 4 and 5, the CD TC test results that typically exhibit the Isotach viscosity (i.e., u ＝1.0) are simulated very well. The model parameters are reported in Komoto et al. (2003) . In Fig. 4(b) , the time histories of creep strain at three sustained loading stages are simulated very well by the viscosity function determined based on the rate-sensitivity coe‹cient, b, obtained by stepwise changing ·ev many times in these tests. Viscosity type transition: Figure 21 shows the simulations of three CD TC tests, one for each ageing period, among those presented in Fig. 3 . Table 2 lists viscosity parameters used in the simulations. In these simulations, the following speciˆc factors are taken into account: 1. The rate-sensitivity coe‹cient, b, of this bound geomaterial was determined in terms of the equivalent eŠective stress ratio, Req＝(s? 1 ＋c*)/(s? 3 ＋c*), as the stress parameter, s (APPENDIX D). c* is a cohesion term, which is equal to 727 kPa (Kongsukprasert and Tatsuoka, 2005) . The values of Req and R f eq obtained by simulations were converted to the deviator stresses, q＝s? v -s? h, and their inviscid values, q f (Fig. 21 ). 2. Figures 22(a) and 22(b) show the viscosity function (Eq. (5b)) used in the simulations presented in this paper. In Fig. 22(a) , the slope, denoted by b, of the apparent linear part of the respective relations is equal to b/ln 10 (Di . The values of b used in the simulations were obtained byˆtting the respective simulated stress-strain relations to the corresponding measured ones. These b values are essentially the same as the measured values. The sameˆxed viscosity function was used for the respective TC tests ( Table 2 ). The experimental data when ·e ir are lower than about 10 -6 z/s of the relation presented in 22 are very di‹cult to experimentally obtain, therefore lacking. On the other hand, this part is necessary when simulating long-term creep behaviour in which the strain rate becomes very small. Furthermore, the viscous stress component, s v , is deˆned to approach zero as ·e ir approaches zero. Therefore, gv( ·e ir ) (Eq. (5b)) was determined so that the value of``1＋gv( ·e ir )'' approaches 1.0 as ·e ir approaches zero, as shown in Fig.  22(a) . In these DS tests, the values of u were measured at many instants in a wide range of s from well before the peak stress state until the fully residual state. On the other hand, reliable u-e ir relations for a wide strain range could not be obtained from the drained TC tests presented in Figs. 14-17 and others due to a limited number of step changes in the strain rate that could be applied in the respective tests. The trend of viscosity type transition observed in these TC tests could be simulated very well by Eq. (16)ˆtted to the respective TC test data, presented in Fig. 23(a) . In the simulation presented in Fig. 21 , u(e 5. It was assumed that the decay parameter, r1, is constant in the respective tests. The value of r1 in the respective tests was obtained so that the simulated stress decayˆts the data. 6. The reference stress-strain curve in the respective tests, shown by thin broken curves in Figs. 21(a) and (b), was determined by extrapolating the stress-strain curves obtained by continuous ML tests at diŠerent but constant strain rates toward zero strain rate. As seen from Fig. 21 , the stress-strain behaviour that exhibits a transition of viscosity type from Isotach in the pre-peak regime ( Fig. 21(a) ) toward TESRA in the postpeak regime (Fig. 21(b) ) is well simulated.
The relationships between the parameters describing the viscous properties of geomaterial and the particle characteristics (i.e., particle shape and crushability as well as grading characteristics) together with the relationships among the parameters are discussed in Table 2 . In these tests, the u value decreases from a negative initial value towards a smaller value at the residual state, which is even lower than -1.0 with corundum A. By carefully examining Figs. 11, 12 and 13, it may be seen that the negative Isotach viscosity becomes stronger with strain. This trend is well simulated by using negative u that becomes smaller with strain. So far, no geomaterial has been found that exhibits the P & N viscosity having a constant negative u value for a wide range of strain in a single test. Figure 23(b) shows the relationships between u and the ratio of the irreversible strain to the value when the inviscid stress becomes the peak value. With the unbound granular materials having negative initial u values, the u value starts decreasing already before the peak stress state. With the cement-mixed gravelly soil, u starts decreasing from 1.0 before the peak stress state when aged for three days. When aged longer, u starts decreasing from 1.0 in the post-peak regime. The reference stress-strain curve in the respective cases was determined by extrapolating the stress-strain curves by continuous ML tests at diŠerent strain rates toward zero strain rate. As seen from Figs. 14-17, all the peculiar trends of P & N viscosity are very well simulated. Also with the P & N viscosity, creep deformation is the process in which the strain increases with the strain rate decreasing with time at aˆxed stress (s). This process is simulated very well as seen from Figs. 14(c), 15(c) and 17(d) . Simulations of creep deformations of a wider variety of granular materials that exhibit the P & N viscosity are reported in Kongkitkul et al. (2008) .
The simulated stress-strain curves presented in Figs. 4, 5, 6(b), 8, 14-17 and 21 are not those obtained by direct curveˆtting to the measured curves. On the other hand, at the present stage, it is very di‹cult to predict most of the model parameters of a given type of geomaterial without performing relevant stress-strain tests. The authors consider that the most important point at the present stage of research on this issue is that, once the model parameters are determined, irrespective of viscosity type, the rate-dependent stress-strain behaviour of a given geomaterial mass subjected to arbitrary loading histories can be nearly fully simulated. More details of the simulations are explained in Kongkitkul et al. (2008) .
DISCUSSIONS
The various viscosity types described above may not fully cover all the possible ones of geomaterials. For example, crushed concrete aggregate, consisting of stiŠ and strong coarse core gravel particles covered with a relatively soft and weak mortar layer, exhibits a peculiar ratedependency of stress-strain behaviour (Figs. 21, 22 and 23 of Aqil et al., 2005) . The viscosity type in the pre-peak regime is initially the P & N type, while it changes toward Combined type as the stress state approaches the peak state. This trend of viscosity type transition is opposite to the one described in the precedent sections. It seems that, due to its peculiar particle composition, the eŠects of mechanism b described in Section 5 that is caused by the crushing of surface mortar layer at inter-particle contact points during loading are signiˆcant in the pre-peak regime. That is, slower loading results in more stable interparticle contact points, therefore, a stronger response of the material. This trend is opposite to the eŠects of particle crushing resulting in the Isotach type rate-dependent stress-strain behaviour of natural sand in undrained TC at elevated conˆning pressures (Yamamuro and Lade, 1993) . With crushed concrete aggregate, the eŠects of mechanism b become less dominant as the stress state approaches the peak stress state. At this stage, stiŠ and strong coarse core particles are in contact with each other supporting most of the applied load at the direct contact points. For this reason, the viscous property becomes the Combined type. To simulate the trends of behaviour described above, the u value should increase from an initial negative value toward a positive value less than unity.
Another important issue, which is not touched upon in this paper, is the viscous eŠects on the ‰ow rule (i.e., the relationship between the stress state and the ratio of irreversible volumetric and shear strain rates). As the most TC tests on poorly graded round sands described in this paper were performed on air-dried specimens, reliable analysis of this issue was not possible.
CONCLUSIONS
The following conclusions can be derived concerning the viscous properties of geomaterials: decays with e ir toward zero during subsequent loading. The shear strength achieved in ML tests at constant ·e is practically independent of ·e. This type is dominant with poorly graded relatively angular sands. The P & N type also exhibits a suddeǹ TESRA' increase in s v upon a step increase in ·e, followed by a similar decay with strain. However, the shear strength decreases with an increase in ·e in ML tests at constant ·e. This type is dominant with uniformly graded granular materials consisting of relatively round and stiŠ particles. 2. The viscosity type tends to change with strain in a single test; e.g., from Isotach toward TESRA and from TESRA toward P & N. 3. The main features of the viscous properties of geomaterials can be described by three parameters, b, r1 and b residual , which are aŠected by bonding conditions and particle characteristics (at least, particle shape and grading). The viscosity type parameter, u＝bresidual/b, can appropriately categorise the diŠerent viscosity types and describe transition among them. The u value generally decreases with strain during loading. 4. A general mathematical expression incorporating the viscosity type parameter, u, that can describe not only all these four basic viscous responses but also transitions among them is proposed. Simulations of several typical drained triaxial compression tests based on the non-linear three-component model incorporating this general expression are presented. h ; deh＝(devol-dev)/2; where evol is the volumetric strain obtained from the amount of pore water expelled into and sucked by the specimen and ev is the axial strain obtained by external measurements and local ones using a pair of LDT. It may be seen that the eŠects of bedding errors at the top and bottom ends of specimen are noticeable. Figure A1 Figure B1 shows the stress-strain relations from a drained TC test on a saturated sand specimen. The relations obtained by using the evol values estimated based on the modiˆed Rowe's stress-dilatancy relation as follows are also presented in thisˆgure: 1) A R and D (＝1-devol/dev) relation is obtained from given measured R-ev and evol-ev relations. The relation isˆtted by a non-linear relation: R＝c0＋c1･D＋c2･D : En0 is independent of stress level ×: n0 is unnecessary as simulations were performed by using the axial strain as the strain parameter. ＋c 3 ･D 3 (i.e., the modiˆed Rowe's stress-dilatancy). Usually, a linear relation (i.e., the original Rowe's stress-dilatancy relation) does notˆt very well measured ones.
APPENDIX B: ESTIMATION OF VOLUMETRIC STRAINS OF AIR-DRIED SAND SPECIMEN
2) The increment, devol, at the respective given moments is obtained by substituting the instantaneous measured values of R and dev into theˆtted non-linear R-D relation. By integrating devol from the start of test, the full evol-ev relation is obtained as shown in Fig.  B1. 3) The axial stress for measured axial load and s? h at respective given moments is recalculated by using the estimated evol-ev relation to redeˆne the R-ev relation, as shown in Fig. B1 . It may be seen that the evol values are estimated quite accurately by procedures 1) and 2) and the eŠects of errors in the estimated evol values on the re-calculated R values are negligible. The evol values then R valueo of the airdried specimens in the drained TC tests presented in this paper were estimated by procedures 2) and 3) based on the modiˆed R-D relations of saturated sand under otherwise the same conditions. Table C1 .
APPENDIX C: HYPO-ELASTIC MODEL TO EVALUATE IRREVERSIBLE STRAINS
APPENDIX D: RATE-SENSITIVITY COEFFICIENT OF BOUND MATERIALS
For bound geomaterials, the eŠective principal stress ratio, R, should be replaced with another stress parameter to obtain the rate-sensitivity coe‹cient, b, that is independent of shear stress level. Drained TC tests at a constant s? 3 on compacted cement-mixed well-graded gravelly soil (Kongsukprasert and Tatsuoka, 2005) showed that the following relation is relevant: where Dq is the jump of the deviator stress, q, upon a step change in the strain rate; qc is a constant, independent of q at which Dq is obtained; and pa＝98 kPa. 
Equation (D2) indicates that, for bound geomaterials, it is appropriate to replace R with the equivalent principal stress ratio, Req＝(s? 1 ＋c*)/(s? 3 ＋c*), where c * is a constant, equal to qc-s? 3. Then, the deviator stress is obtained from Req as q＝(Req-1)･(s? 3 ＋c*).
